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ABSTRACY

Frocture and fotigue crock growth choracteristics were experimentally determined
wsing precrocked comgact tension specimens for the following materials:

Armce 22-13~5 Steel
Phosphor Bronze

AZ8& Steel -

Hostetloy X

347 Stoiniess Sieel
931G Carburized Steel
5A1-Z 5Sn{ELTY Titanium

The tests were con:fz}: ow and kigh pressure goseous hi:um low ond high
nrs=<sur° mgh mirity @ drogen, ond liguid hydrogen. Test femm:c?mes were
70° F, ~160°F end —4’ F. \"ci plane s*ram frcc?ure 'cug}‘r‘e.s values per

‘ASTM E399 =787 were only obicined of 423 °F for the 9310 carburized steel ond
5A1-2.55a(ELD titoeiem. ﬂ'}c static fracture test results were unaffected by high
pressure gaseous hydrogen of 70°F for oll materials tested except the 9310 corburized
steel.. Significant flaw growth cccurred in the 9310 ca.burized steel while iooding
to faijlure. Pancoke forgings of 5AI-2.5Sn{ELD) titanium were found to have higher
toughness than die forgings when tested ot 423°F. The ?chque crack growth rotes
of Armco 27—§3~5, phosphor bionze and A286 sfsef at 70°F and 5A1-2. )n(*lﬁ
titanium ot -160°F were found fo be insansitive fo high pressure goseous hydregen,
whereas Hastelloy X, 347 siginless steer and 9310 carburized steel were moderately
to significantly offecied. Low pressure gossous hydrogen hczd a questionable effect
on the fatigue crack rates of SA1-2.55x(ELD} titanium ot 70°F.  The cyclic life, os
well o5 static frochere resulls o%?czmed for the Hionium were very consistent between
die forgingsfor a given fest temperature.  Pencake forgings of hfamun were found o
kave lenger cyclic ives thon diz forgings when tested ot -423°F
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Armeo 22-13-5 Steai Static Fracture

Phosphor Bronze Fotigue Crack Growth Rotes
AZ86 Steel - Compect Tensien Sp\.c:men
Hastelioy X Gaseous Helium

347 Stkxinless Steet Gaseous Hydrogen

316 Carburized Sizel Liguid Hydrogen

SAL-2. 55niELH Tironium
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FOREWORD

This report describes the work performed by the Aerospace Group of

‘The Bosing Company. during the period from Acgust 1971 o March 1972
under Aercjet Nuclear Systems Company Purchase Order N-01499. The
obiective of this program was f¢ determine ﬁ*e fracture choracteristics

of various candidate 'rm-teriei:s being considered in the NERVA nucleer

engine. |

Boeing persemne! who participated in this investigotion include J. N. Masters,

Program Leader and W. D, Bixler, Techaicul leader. Stuciural fest support

was provided by A, A, Otlyk and H. M. Ciden.
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The experimenial work

ond flaw growth chara

MMARY

H

tion on the NERYA nucleor engine.

steel,

steel and 5AI-Z
orily at 5 cps} were condscfer;i using compeact lersion specimens.
ments included 130 psig gaseous helium and hydrogen,
end hydrogen,

The gauseous hydrogen used was high purity meeting the purity requirements set forth

MSFC-SPEC338A, Teble lo. A summory of the results chiained is presented
OWI
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phosphor bronze, A286 steel,

2.55n(ELD titanium,

voripus metericls being
The matericls involved include Armco 22-13-5
Hastelloy X, 347 stainless steel, 9310 carburize

Static fracture fest-and cyclic life tests (prim-

R TIY . =l
and liquid hydrogen; test temperaiures were 7O F,

described herein wos undericken fo investigole the fraciure

onsidered for opplico-

The test environ-—
1208 psig gosesus helium

-1&0°F and ~423°F.
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ABBREVIATIONS AND SYMBOLS

a = crack fength

B = specimen thickness

COb = crack opening displacement

T = compact tension

da/dN = fafigue crack growth rate

GHe = -gaseoys helium \

GHZ = gaseous hydrogen

Ki = pfc_ne stratn siress Entenﬁity

K Q = conditiona! plane sirgin frocture toughness
(Kf‘rqu C = maximum e_p;creaf eritical siress inieﬁsi%y f{_ﬁ;, ?M}
K, = plane strain fracture foughness

i 5 = {iquid hydrogen

N = cycies

p = load

RT = room temperature

S/N = serigl number

W = specimen width

Y = correction factor
a = peck—to-peck CCD

= material yield strength

Oy
SUBSCRIPTS

i = initial

f = fingt

mox = maximum



The

1.0

INTRODUCTION

jactive of this investigation wos to determine the siotic fracture ond

cyclic flow growth chorocteristics of o variety of moteriols to be used on

the MERVA nuclear engine,

Compact tersion specimens were tested in eaviron-

ments of gaseous kelium, high purity goseous hydregen end liquid hydrogen.

The specific materials, test conditions and guantity of specimens tested are

indicoied beiow:

TEST ENVIRONMENT
TEST - GHe GHa LH,
MATERIAL | cONDITION R A T
- 100 11200 {1700 | 100 (1200 {120 IZERO
PSIG | PSIG | PSIG 1 PSIG I PSIG {PSIG | PSIG
armco | STATIC HE N 4
22138 =t
STEEL Cycuc 4 é ’
: " STATIC " 3
PAOSPHOR | FRACTURE _
BRONZE CYCLIC 4 6
- STATIC 1 1
A285 _FRACTURE , ,
STEEL cycuc - 4 | 5
' ' STATIC 1 L& :
HASTELLOY | FRACTURE
X CYCLC 5 5
STATIC ‘
347 - 1 P
STAINLESS —TRACTURE ~
STEEL CyYCLIC 3 6
g3i0 | STATIC RS i 1
carpurizen |-FRACTURE -
STEEL CYCLIC 3 | 5 3
= TSTATIC D '
5Al-2,55n ) - 3 2 | 4
(ELD FRACTURE _ s
TITANIUM | CYCLIC 1 i & 31 4.
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33 Smecimen Pebricction

The 541-2 55(ELE titonivs specimens fobricoted ot Bosing were identical in
configaetica to the specimens nypplied by Aercjet.  All specimers were fobri-

ested 1o Aercjef chowing 1138345 ond o sketch of the configuration is shown

in Figum 2. Drowing 1138385 &5 in occordence with the requirements of ASTM
EFFT-T0T

As indicsted in Figure 1, the flaw propegstion direction of the specimens wos
aiwgi msintained porcllel to the longitudine! grein or the radial direction i

the cowe of the dis and pancoke forgings. The 3AI-2 5Sn(ELD) fifonium specimens
ware machined from verious forgings os shown in Figure 3. Table 2 comelotes
the ipecimen number with the forging number for the fitonivm alloy. The fingt
machined ms?@m'w;@l?ed by Asrojet were received in the precracked condi-
tign; i.e., the flaw front hod been sharpened by low logd/high cycle fotigue

per ASTM EI99-70T. Precrocking during the finel stuges wos accomplished of @
lood no gregter thon 2700 1b. for the Aerojet supplied specimens with the exception
of the $310 steel where the lood wos 5500 b, Any plostic zone cregted during
precrocking of the §310 steel wos elimincted when the specimens were :crbur?zseﬂ
‘end effectively stress relifeved. The titonium specimens fabricated at Boeing ware
precracked in room tempersture {RT)} oir ct o load of 4500 Ib. to propogote the
Fiove front to within 0.05 inches of the final desired flaw length followed by final
precracking gt 2500 b, Approximotely 70 000 cycles were required during the

First s;oge of precracking with cbout 45 00 cycles necésscsy to complete if. These

specimens were cisc precracked per ASTM E3%29-70T.

tar

2 Test Setup

Al specimen tests were conducied in o 80 000 b stetic/60 000 ib cyclic Research

incorpomted test machine Jocated ot Boeing's remote Tulalip Test Site.  The system

utitized for geseows helivm ond hydrogen testing is illshoted in Figure 4 and shown

n



pictoriclly in Figure 5. The specimens were instelled in' the pressuse lood com-~
pensating test cavily illustroted in Figure 6 and then the system was purged and

- pressurized with hefiom. Al fittings ond seals that were loasen or broken during -
removal of the prior fest specimens were then checked w;ff\ a helivm mioss spec~
trometfer leak detector shown in Figure 7-(CEC Model 120A). The sensitivity

of the leck detector wos chomecteristically 4 x ¥G-ic‘ otm cc/sec of helium. For
specimens fested in gaseous hgd?éges, the sysfém was purged of all helium ofter
feck checking by olternately evacuating end pressurizing using high pur'is“,; Guseous
hydrogen from a stondord K cyf?n&r7 The evocuation wos done with g diffusion
pump (Figure 8) fo approximately 3 x 10-6 Torr, meqgsured ai the pump while pres-

surization was fo ghg:_—r_} 200 psfg.  This praced-ure wos repeated cbout 3 Hmes prior

to p{’&SSUHZlf‘rg to the required test pressure.  To prevent the possibility of contom-
_ination by the diffusion pump, a liquid nifrogen cold frap was used o dfu d in

£ 3

Figure 4. The hydrogen supply wes also run throuch a liguid nifrogen celd trop
to further ensure the removoi of oxygen, water, ebc., prior fo the gos enfering
the test cavity. During the entire testing period the liquid mitrogen cold traps
were moinfoined submerged. Periodically, hydrogen gas samples were removed
from.!%z_e system for analysis which required the gos fo pass through the fest covity

before enfering the somple bottle. A typical sample botile i shown in Figuwe 9.

The cryogenic tempersture conditioning system used fo mainte cin ~160°F is shown
scngamg:ﬁcr:i%y in. Figure 4. Gaseowus nitrogen at RT ond fiquid nifrogen ot 37°F
were mixed af a thres way valve and regulcied to mcinkuin ~160°F in the test
cavity. For tesis conducted ot BY, thermocouple controlled hegting coils ond fon
were employed.  The test cavity femperafure for oll tests wos maintained of
10°F of the test fe;z:c—emmfe ang the !est covily pressure was maintained within

£20 psi.

For liquid E“yd rogen tasting fahich was gt zero pressurz), the fest specimen wos

surrounded by o crycsiot and then submerged in ﬁqaid hydregen.
s . .



3.3 Experimental Approach

Static frocture tests were conducted for each matericl investigated per Section 1.0
using the CT specimen illustroted in Figure 2. These specimens were loaded 1o
failure ot 4 locd rate of 8300 ib/minute. During the test, the crack opening

displacemsnt {COD) wos recorded as g funchion of load.

Cyclic tests wers conducted for each matericl Investigated per Section 1.0 wsing
the CT specimen.  These cyclic fests were nim at o sinuscidol frequency of 5 eps
primarily, with a few tests conducted ot @ slower frequency of 1 eps.  The slower
%eqﬁencg tests were conducted tp,f.urf}sr, demonstrate the susceptibility of a given
materio} fo goseous hydrogen. [t was the obiective of these tests {with the ex;:e?-
tion of the SAI-2.55n(ELD) tifonium} to obtain cyclic life dota io a minimum of

10 000 cycles. The tifankm festing objective was fo obf-:zirs‘ life dota to @ mini-
mum of 0¥ cycles. As with the skatic frogture spesimens, ©
were inskumented to defermine the COD during testing.  In genercl, the cyclic
tests were terminnted just peioe fo specimen failure {within @ few cycles os indi~
cated by the {_:OD)'.’ (After the test wos fermingfed, the system pressure wus
vented and the flaw front wos ®marked” by. low load cyclic fatigee at 5 cps for
about 160 cycles. The lead for the “marking” procedure was chout 60% of the

test losd. The records of CCD varsus cycles for each specimen were onclyzed

to dei_e.rmi&-e the fatigue wrack growth rotes {da/dN).

3.4 Deta Analysis

The shess imtenzity values for all CT specimens tected were calculated using

fhe expression:
. Gi;‘Z

V

)

K, =Y

Rosl
Ea

where K, = plone stzain stress intensidy

¥ = correction foctor, Ho/W)

!
if

s

& = crock length meosured from the point of isad
epplicofion fo the flaw freat

et ]
‘

spacimen Hricknes

# = specimen width

7



Values of ¥ are presented in Figure 10 for the specimen configumtion presented
in Figure 2. Background in use of the cbove sivess intemsity solufion is me-

senfed in ASTM STP 410,

The analysis of the static fracture data was done In cccordance with ASTM
E399-70T. The cyciac data cbicined was uvsed o generate fotigue crcck growth

rates s "eﬂ:rmad in the Feilcwmg paragraph.

A COD verss cycles plot wos chizined for each eyclic specimen fested =
schematically illustrated in Figure"!?a, The fiew length at initicticn end termin-
ation of the fest was known from the frocture face c!o‘?g with the corresponding
peck-te-peck COD. From this doto, a complionce curve relating ésak«ia-peck
COD versus flaw length was ploted as shown & Figure T1b. The instantaneous. -
flaw length &s a function of the number of cycies was then known ond the da/dN

could be defermined as o function of siress intensity {see Figures 1lc and 11d).



4.G  TEST EESULTS AND ANALYSIS

4.1 Hydrogen Gas Pcr%ﬁ:

A total of five hydrogen gas samples were extracted from the fest system during
the course of the program and cnalyzed usmg a gos chromotogrop:.  The gos
analysis was done by Unien Corbide - Linde Division. The results of thess
analyses are tobulated in Table 1 clong with the required purity levels estab-
lished in MSF&_ SPEC 356A. As indicaled by the &nefytes results, the hydrogen
. gos purify d*mng testing wos well within the reqmreme':?s The maximym oxygen
content wes 0.8 pom while the iofel purity wos comsisiently cbove 99.998 percent.
As noted in porogroph 3.2, o heliem ledk detector was empioyad to leak check
mechanicel joints supplying hydrogen gus to the specimen prior to testing each
specimen. in cddition, fhe system wcs purged by evocuating the sysfem ond
%ﬁc%mﬁﬁg with hydrogen gas o minimem of three times.  These procedures, olong
with the liquid nitrogen cold taps, resuited in a high purity sysiém as the ges
analyses indicated.

4.2 Armco 22-13-5 Steel

Two static fracture tests were conducted at room temperaiure (RTY; ene in 1200 psig
gasecus helium and ome in 1200 psig goseous hydrogen. Conditimol- plane strain
fracture toughness velues (K Q} for the 2 specimens were defermined to be 62.9 and
52.1 ksi Vin, respectively. The fests did not meet the ASTM-E399-70T require—
ments becouse of limifed specimen thickness. Bosed on the specimen thickness of
1.0 inch ond matericl yield strength of 50 ksi, KQ would have %o have been
£31.6 Dksi‘vf_ig fo represent a valid gicne strain frochure toughness volue {Kic}. -
The moximum opparent critical stress infensity, {K )mcx' obtained during the fest
was also determined using the moximum aitained load (? ) ond the initial erack

length (c} and found to be 1243 env 1?7 g ks:r for 'rhe gaseous helivm aond

>k Q0. {5z per ASTM-E399-70T



hydrogen tests, respectively. All of the detailed sivtic frocture resulls are
presented in Toble 3. Althcugh no valid plene strein frecture foughness values
were determined for the Amco 22-13-5, the results chiained do not show any

effect of high pressure gesecws hydrogen.

A total of 10 specimens were cyclic tested ot RT fo essentially failure; 4 in

1200 psig goseous helivm end 6 in 1200 psig goseous hydrogen.  The fests were
conducted ot 5 cps with the exception of one specimen fested in hydrogen ot 1 cps.
The results of these tests ore presented in Figure 12 end Tables 4 and 5. Figure 12
indicotes that a single curve adequately represents the variaticn of initial stress

?n?snsi%y (‘Ki') with cycles fo foilure, N, in either environment. Instentoneous
. )

gy

itique crack growth rotes {da/dN) were determined for each specimen tested and

Fe

.
d
he results ore presented in Figures 13 and 14 for the gaseous helium and hydrogen

-

tés&;, respectively.  The do/dN values were obtained from the crack opening dis-
placement {COD) dota and enclyzed per poragroph 3.4, The scatter bond on the
do/dN data cbicined for the goseous helium encompasses the do/dN results for
hydregen fests. From these results, it appears that the cyciic life ond flow growth
rates are unaffected by high pressure hydrogen compered 'ta high pressure helium at

RT for Armecs 22-13-5 material.
4.2 Phosphor Bronze

Two static fracture fests were ccaéi;cted ot RT; ene in 1200 psig gaseous helium
and one in 1200 psig geseous hydrogen. K’Q valuves of 57.9 end 6{1.4 ksim were
obiuined, respectively. The tests did not meet the AStM-EB‘??—?GT requirements

for thickness. Based on o matericl yield sﬁte:?gfh of 67 ksi, KQ would hu;ze to .
hove beern <424 ksiVin to be comsidered a valid Kls test. .(Kl)max values of
89.0 and 88.6 ksi Vin were chtgined for the tests run in gaseous helium cnd hydro—
,g_en; respectively.  All of ""se demilea static fractyse results gre presented in

Toble 6. Although no volid plane stroin frocture toughness values were determined
for the phomhor bronze, the results obtsined do not show any effect of high pressure

gasecus hydrogen.
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A total of 10 specimens were cyclic tested at RT to failure; 4 in 1200 psig

gaseous helium and 6 in 1200 psig gosesus hydrogen.  The tests were conducted

at 5 cps with the exception of one specimen tested in %yd:’%en’ of T eps. The
results of these tests are presented in Figure 15 and Tobles 7 and 8. Figure 15
indicates thet a single curve cdequotely represenis the voriation of Kﬁ with N in

_ either environment. The results of the instontanecus da/dN for the specimens

tested in helium end hydrogen are presented in Figure 16 ond 17, respectively.

The scatter band on the helivm da/dN dato encompasses the hydragen da/dN results.
From these results, it appears that the cyclic life end Hlow growth rates are un-

affected by high.pressure hydrogen compared to high pressure helium ot RT for

4.4 A28% Steel

Two siatic fracture fesis -;vere conducted ot RT; ons in 1200 psig goseous helium

ond cne in 1200 psig gqse§us hydrogen. The detgiled results are presented in
Teble 2, KQ velues of 40.5 and £0.7 lsi Vin were obtained, respectively. The
tests did meet the ASTM-E399-70T requirements for valid K|_ determination. Based
on a material yield strength of 123 &si, KQ must be < 77.9 ksi ¥in for a valid test,
which was the cose. Deviction frem linearity of the iccd/disg:iccemem record also
met the ASTM reguiremﬁt. Aiﬁibﬂ;ﬁ the ASTM requirements were met, the in-

vestigator believes that volid K, wwlees were not obioined from these tesis. {K!}mcx

values of 3.1 and 95.9 %si*a{%vfer the specimens tested in helivm ond hydrogen,
.respecﬁvely, were chiuined which wsre grecter than 1355% of KG. The foad/dis—
placement records did not indicate any pop-in behavior and if the matericl did
hove such o low K{c {40 ksiVin} the Fracture foce would have been extremely flat
and not excessively deformed plustically as observed, All of these facts leads one
to believe that the KQ values getermined were meoningless quantities.  For velid
K!c tests, @ much greéfef thickness weuld probebly be required. Although it is
believed that no valid plane strain frociure toughness values were determined for

the AZ86 steel, the resuits cbicined do not show eny effect of high pressure goseous

hydrogen.
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A toial of 9 specimens were cyclic tested ot RT to essentielly failure; 4 in 1200
;ﬁsig goseous helfum ond 3 in 1200 psig gasecus hydrogen. The tects were con-
ducted at 5 cps with the excepﬁon of one specimen tesked i# ﬁyﬂrogen at 1.cps.

the results of these tests are presented in Figure 18 ond Tobles 10 end 11

Figure 18 indicctes that g single curve adequately represenis the variation of Kﬁ

with N in either env?m-amni‘ when fested ot 5§ cps.  The results of the ins?anmﬁe—
aus é;f:,.—"dN for the specimens tested in helium ond hydrogen ore presented in Figﬂres
19 ond 20, res,pecﬁve!y.‘ The scatter band on the 5 cps helivm do/dN data
encompasses the 5 cps hydrogen da/dN results.  The one specimen tested af 1 eps
?n‘gaseous hydsogen did indicate a shorfer life (Figure 18} and higher fetigue crack
growth cates {Figure 207 than those fested ot 5 cps.  The A28 stee! moteriol might
be skain rate sensitive or slightly affected by high pressure hydrogen, but additional
specimens would kove to be tested to verify this point. Frcm t?l)e 5 eps cyclic
resulls, it appears thot the cyclic life and flow growth rotes ore opparently uncffected

by high pressure hydrogen compared ta high pressure helinm at BT for AZBS steel

material.
4.5 Hasteloy X

Twe static facture fests were conducted ot RY; one in 1200 pig goseous helium
and one in 1200 psig goseous hydrogen. {Q volues of 46.4 and 449 ksi Vin were:
obtoined, respectively. The fests did not meet the ASTM-E3P9-7DT reguirements
for thickness. Based on @ moterial yield strength of 45350 ksi, KQ would have to
have been £ 30 ksi¥in to be considered a valid Ki test. {Ki)mcx valves of 98.6
and 95.5 ksi¥in were obicined for the tesis run in gosecus helium and hydrogen,
respectively.  All of the detsiled static fracture results ore presented in Table 12.
Although no velid plone stein frgcwre toughness valyes were determined for the
Hcsxeﬁpy X, the results obiained do not show any effect of high presswig gaseoius

hydrogen.

A retal of 10 specimens were cyclic tested of RT to essentiglly foilure; 5 in 1200
psig goseous keliva ond 5 in 1200 psig gmsecus hydrogen.  The tesh were conducted

at 5 cps with the exception of one specimen tested in hydrogen o 1 .eps.  The



results of these festt are presented in Figure 21 and Tobles 13 ond 14, Figure 21
tllustrates that the cyclic life of Hasfeﬂéf X specimens is moderately offected by
high pressure hydrogen compared to high pressure helium. Further evidence of the
susceptibility of Hastelloy X to hydrogen is presented with the single specimen

tested at 1 cps in hydragen. This specimen exhibited reduced cyclic life as

shown in Figure 21. Based on this dota, it appeors thot flaw growth of Hastelloy X
would occur when sustoined loaded in a kigh pressure gaseous hydrogen environment;
depending upon the applied stress intensity. The lower frequency cyclic fest run
essenticlly increased the time at stress infensity levels chove the sustoined load
threshald. The resulis of the insfontanecus do/dN for the specimens tested in helium
and hydrogen are presented in Figures 22 end 23, respectively. Figure Z3 shows
that the fotigus crack growih rafes in hydrogen ore moderately faster thom those ob-
foined in helium when the fests are 'cc,ﬁé.f;?ed'cf 5 eps ond the rofes ore further
increased when the test frequency s reduced. From these results, it appears thot
the cyclic life ond flow growth rofes c;e‘mcdembiy affected by high pressure

hydrogen compared ic high pressure helivm ot RT for Haostelley X material.

4 6 347 S?ainiéss Steel

Four stotic fracture lests were conducted ot RY; one in 1200 psig goseous helium V
ond 3 in }22'}0 psig gaseous hydrogen. Two of the specimens tested in bydrogen
had prior loading histories. The detailed results of oll the tests are pressnted

in Table 15.- KQ values of 28.7 and 33.5 ksi¥in were obluined in the helium
ond hydrogen environments, respectively, for the specimens not exposed fo a prior
fead history. The tests did not meet the ASTM-E399-70T requirements for thickness.
Based on o materiol yield strength of 40 ksi, K | would hove fo have been 253
ksivin to be considered a valid ‘Kl :

that these tests were almost volid fests, ihe investigotor believes thot the some.

Q
c fesi. Even though it cpoears on the surface

arguments presented in parcgraph 4.5 for the A285 steel specimen test apply here
also. {Ki}mcx values of 77.1 t_mS 63.3 ksivin were cbiained for the stotic fracture
tests run in gossous helivm ond hydrogen, respectively, for specimers which did not
?;cve. a prior loading histery.  These 2 tosts indicated Haot a ;e;ﬁi%ﬁe hydogen

. gffect on the {Kf}max exists, so 2 other specimens were static fractured ofier beihg

1z



exposed to e prior loading history. These 2 specimens had {K,) values of

79.9 ond 78.7 ksi Vin when tested in hydrogen which tended to discredit the
tdea that high pressure hydrogen had on effect on the (K')max vclue obicined.
1
It appeasrs that the single low Ky velue obtained was probobly due to
: MIX -

material varichility. Therefers, it appeors that high pressure hydrogen does not

have ony effect on the stotic frocture fests,

A toial of 9 specimens were cyclic tested ot RT to failure; 3. in 1200 psig goseous
kelivm end & in 1200 psig goseous hyd:ogen.‘ The tests were conducted Gt 5 eps
with the exception of 2 specimens fested in hydrogen at T cps.  The results of
these teshs ore presenied in Figure 24 ond Tebles 14 and 17. Figure 24 illustrctes
. that the cyciic life of 347 stainless steel specimens is moderctely c‘7£f‘-cteé by high
pressure hydrogen compared o high pressure helium when tested gt 5 cps. . Con-
trary to the cyclic resuls for Hastelloy X which showed e hydrogen effect o

1

- 5 cps and furfher substantiating evidence ot 1 cps, the 347 sicinless steel showed
the same cyclic life at 5 cps and 1 cps whea tested in hydrogen. The resslts of
this instanteneous da/dN for the specimens tested in helium and hydrogen are
presented in Figures 25 and 26, respectively. Figure 26 shows ihat the fofigue

| crdcit growth rotes in hydrogen cre moderstely faster than those obiained in heliom
at test frequencies of 5 or 1 cps.  From ;‘bése results, it -oppears that the cyclic
life and flow growth rates are modesately affected by high pressure hydrogen com-

pared to high pressure helium at RT for 347 stainless steel materiol.

4.7 9310 Corburized Steel
4.7.1 BT Tests

Seven stotic frocture fests were conducted of RT; 2 in 1200 psig goseous helium,
one in 1230 psig goseous hydrogen oad 4 in zero psig gassous hydrogen. Ore of
the helium crsd ail 4 of the zero psig hydrogen test specimens hod been exposed o
& pricy !o:c"éng history .  The detgiled results of oll the tests are présemed in

R ﬁc} volues of 107.7 ond 45.3 ksi Vin were obtzined in the hefjum

and hydrogen envirenments, respectively, for the specimens not expmed to g prios

locding Pistgry. ¥ wos oppovent from the eppesronce of the specimen frochure face -

i4



and the iecé/dispiacemerﬁ record that significant flow growth had taken ploce

during loading to foilure of the hydrogen specimen. ;;:T}xe crock length ot unsigble-
crack propegotion wos meosured from the hydrogen s;:aecimen fracture face and was
found io cgree with thot predicted using the lood/displacement record. Aeritical
stress m‘enszty volue for this specimen wos calculated using the critical crack

iengm and moximum lood and found to equel 120.4 kaf Yin. The compenion specz-
men tested in helium indicoted a pop-in ot o stress intensity wolue of 118.5 ksi Via
K} value of 122 4 ksivin. The static fraciure specimens which hed prior

| mox
foading histories exhibited K.Q values ranging from 100.0 to 122.7 ksiVin. The

f.!..
ﬁ“"\

on

tests did not meet the ASTM-E399-70T requirements for thickness. Bosed on a material
yield sirength of 130 ksi, K would have to hove besn £82.3 ksivin to be con-
sidered o valid K, test. A!*hcug*-a the tests did nc? meet ASTM requirements, the
investigator beiueves thet o siress infensity value of chout 120 ks i¥in s close %o

Kh: becausa of . the pop-in behovior observed in some specimens ond the extreme
flatness of the fracture faces. From these static fracture resulis presented, it appears
thot the §310 corburized stee! is sensitive to high pressure nydmgen mm sxgufxccm
flow growth oécurring during the loading fo foilure of the specimen. Zero pressure
goseous hydrogen doss not offect the siutic frocture fest results when compured to

high pressure gaseous helium.

A total of 8 specimens were cyclic tested af RT to essentially failure; 3 ir-: 12{}9

psig goseous heliom end 5 in 1200 psig gaseous hydregen, ” The fesis were conducted -
at 5 cps wii’f:l the excepiion of one specimen tested in hydogen at T cps.  The

results of these fests are presented in Figure 27 ond Tobles 19 ond 20. F;igvre 27
itlustrates that the cyclic life of 9310 carburized steel specimens is significantly offected
by high presure &ydmgen.” Further evidence of the suscepsibility of 9310 skeel to -
hydrogen is presented with the single specimen fested ot 1 ops in hydrogen.  This
specimen exhibited reduced cyclic life compared to the 5 cps hydrogen dota. Bosed
on %"us data it appeqrs that the 9310 stee! would iv.zsg?; e low susizined load stress A
intensity threshold. The results of the instentanecus da/dN for the specimens tested

in helium ond hygc-gen ore g;fesen?ed in Figures 28 and 29, respectively. Figure 29

shows thot the fatigue crock growth rotes in hydrogen ore significantly faster than

i5



those obiained in helium when the fesis are conducted af 3 cps ond the rwtes
are further increosed when the test frequency is reduced. It is significont to
rsié in Figurs 29 that o hvdrogen effect was observed even at a sfress intensity
feve!l as low as 11 ksiVin. From ﬂ*ese resulis, it appears that the cyelic life
and flaw growth rates are significantly cffected by high pressure hydrogen com-

red to high pressure helivm ct RT for 9310 corburized stee! moterial,

o,
4 7.2 ~4723°F Tests

One stotic Fracture fest was conducted 'n zero psig liguid hyd}cgen ot —423°F.
The detoiled results of this test is glso presented in Table 18 along with the RT
value of 32 §<§§‘f§; end o {é’{'}mx value of 34.1 ksi ¥in waos
he test did meet all of the ASTM requirements.  Based on on ossumed

moterial y;e;d strength of 210 ksi ot 4237F, o | Q volue of £133.0 .<_u12 in wou!d

&

e necessary to be considered o wolid o test The load/displacement record in-

dicated ¢ very abrupt frocture and the specimen frocture face wos very flat.

Three specimens were cyclic tested to failure in liguid hydregen at 5 cps.  The
sesults of fhese tests are presented in Figure 27 ond Table 21. Instontoneous do/dN

sesults are presented in Figyre 30.

4.8 541-2.5 Sn (ELR Titonium

-

Three stotic fr-chure tests were conducted ot T in 100 p’s}g gaseous hydrogen;

one from one die forging ond hwo from another die forging. The detniled resuits
of these tesis agre presented in Toble 77, K@ valyes ranged frbm 97.4 to 108.4
,;:“vfm ond :'{(’ o velues ,rcr:géd from 116.8 to 126.8 ksiVin. The tests did not
meet the ASTIA-EIP9-7CGT requirements for thickness. ‘kBG'ed on an gssumed RY yreld
strength of 94 ksi, K_ would have tc have been £ 59.5 ksi Vin fo be corsidered

a valid K, sest. Although no wali frachure toughness values were

n
ie =
detesmined for the SAI-2.55q ELD titonium ot RT, the results obiained o show little
ciure properties of the die forgings tested, The effect of

racture mropacties of the fitanium wos not assessed



A total of 7 specimens were cydlic tested at RT to essentially failure; cae in
100 psig goseous helium ond & in "33’3';3523 gaseous hydrogen (one from one die

forging, 2 from enother die forging and 4 from yet onother die forgingl. AH of

the fests were conducted af 5 cps end the resulfs are presented in Figure 31}
CPS P g

and
Toble Z23. Figure 31 indicotes that o single curve gdequately represents the'

variotion of KH with N in the hydregen environment. The single specimen

“tested in gasecus helium demonstrated s very slightly longer life.  The results of

the instanfonecus do/dN for the specimens fested in %}eiium and hydrogen are
presented in Figures 32 and 33, respecﬁvefy. The scatter band on the helium

da/dN dota lies within the scatter bond of the hydrogen da/dN dota but tends

to the slow side. Although it eppears that 100 psig hydrogen might hove a wery
siighi effect on the cyclic life ond crack growth rates ef 5 cps, odditional tess would
nove to be conducted to verify this point since this obsersation is based on onlv one
Varichi

l.
1
FRER ]

fest specimen. t; of motericl properties from die forging to die forging
might account for the slight differences chserved. It is @ known {oct thot
SA1-2.35n {ELB titcaium forging material is susceptible to high pressure {14080 psigi
gaseous hydrogen of BT o5 chserved in feference 1. The Referénce I work indi-
coted sustained Jood thresholds os low as 20 ksi ¥in for the high mressure hydrogen,
but it is not known how the s.uscegﬁhﬁity varies with pressire for this matericl,

In conclusion, if cp?cars that the eyclic life and flaw growth rotes ot BT are only
very slightly offected, if of ali, by 100 psig gaseous hydrogen compared to helivm

for the titoniom m%er_iu! when tested ot 5 cps.

4.8.2 -160°F Tests

Two stotic fracture tests wese conducted at ~I &°F in 1200 gss?g goszous hydeogen,
each from o different die forging. The detajled results of these fests arz presented
in Teble 22. K Q values of 84.% ond 86.0 ksi+in ond (Ki}mx voluss of 849
end 88.5 ksiVin were chicined. Tae tests did not quite meet the ASTM-E 3"‘/‘~-u
requirement for thickness. Bosed on @ -160°F yield strength of }28 ksi, Kﬁ woyid

had to have been < 81.0 ksi Yin to be considered a valid X, fest per ASTM. e

ic
flat appearance of the Fracture foce plus the foilure chbruphiess of the lood/Ciplosz~

ment curves, leads cne o belleve hot the tesh were volid. The rewlts chinired

7
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demombrated a KQ value of 50.5 ksi Vin, considerchly below the other pon=
soke fmg’w»g saei-im fest. Al of the tests did meet the ASTM-EI95-70T require~
wests,  Emed on on smemed 423 °F yield strength of 168 ksi, @ KQ value of
2106.2 ksi ¥in would be comsidered @ wlid K‘-!c test. It should be menticned
that the shioin mte to foilure for the specimen intended for .:yciic testing wess
comsidercbly higher than that of the stondard stotic frocture fesi.  The looding
rere nommelly wes 8500 1b/minute, whereas the low toughness specimen was loaded
at clmost 500 fimes that wte.  This difference in loodiog wotes could account for
the difference in toughnesses. One other difference between the two pancoke
forging specmens wos the oppeoronce of the frocture foces. The low ioug%:ei‘:
specimen exhibited a.snmﬁ}-gr texture macroscopicaily thon the other specimen.
Both specimens were exomined micrescopically but ;:m}y var;;s minor differences
were observed. Additionol fests would be required to derm:“eiy estabiish the

recson for ﬂ're low tcughness cbserved.

Four specimens were cyclic lested af -.42_30? in zero piig liquid hydrogen; 2 specimens
from cne die forging, one specimen from capfher die forging and one specirzﬁa from:
& poncoke fsr_ging. . All of the tfests were conducted at 5 cps and the resulls are -
presented in Figure 37 ond Toble 25. Grouping the resulls bosed on whether or

not the specimen was mode fmm_ a die forging or o pencoke férgir;a,_ resulted in
single- curves represerhﬁg the variation of Kl with N The single écnccké 'fcr‘gi;_,
specimen ?esfea exhibited o very rcugh textured frackure ‘cce Instentaneous éc/éNv
results of these specimen tests are presented in Figure 38. The poncoke forgin

specimen exhibited slower fotigue cruck growth rates thon the die forging specimers.
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5.0 OBSERVATIONS

~

The static fracture results were unaffected by 1200 psig high purity

-
L)
o

gaseous hydrogen compared to 1200 psig gassous helium ot RT for
Armco 22-13-5 sieel, phosphor bronze, A286 steel, Hastelloy X end
347 stainless steel. Valid fimcture foughness values were not

obtoined in the chove tests due to limited material thickness.

{2) An opparent hydrogen effect was ohserved in the static fracture testing
of 9310 corburized steel when considercble time dependent growth

oceurred during loading to feilure in 1200 psig goseous hydrogen of RT.
The growth on this specimen waos distinguishoble on the frmoiure e =

well as indicoted on the load/crack opening displacement record. sing
the flaw size ot freciure plus the load of failure resulted in on opporent
toughness equol fo that cbserved in o helium environmant, An opporent
Kk equal to about 120 ksi¥in wos ¢hserved at RT im helium for the |
9310 steel. At -4BF in liguid hydrogen this moterial exhibited o K
value of 32 ksiVin.

ic

3)  The static fracture tests for 5A1-2.5 Sn (EL]} fitonium in 160 psig gossous
hydrogen at RT wers not valid ch tests due o H&zii&d material thickness
availeble. The two different dic forging meterials tested ot RT did not
indicate ‘cny significont vorichility in opparent fracture toughress. The
static frocture fests conducted ot -160°F ir- 1200 psig goseous hydrogen
wére essentiolly volid Kic values. These results alse demnstrgted uni—
formity of toughness resulis between the two die forgings fested. The
frocfure tests af ~423%F in liquid hydrogen involved specimans fobricoted
from ¢ pancake forging as well as two die §org§n§s. All frecture tough-

Se s 1a . -
ness fests at <423 F resulted in vaiid K| results with the pencake forging

e
demonstrating ¢ higher toughness than the die forgings.

{4) The cyelic life. ond How growth rofes were unaffected by 1200 psig -
gaseous hydrogen compored to 1200 mig goseous helium o RT for Armco

22-13-5 ond phosphor bronze.
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(5

(6)

N

(9

Tre cyclic life ond flow growth rotes were apparently unaffected by

1203 psig gcﬁmsrhydmgen ot RT for AZBS steel tested at 5 ¢cps. A
single specimen tested at 1 cps in hydrogen hod flow growth rates slightly
higher then that observed in either hydrogen or helium at § cps.  This
could either indicate « slight hydreg;en effect or a stroin Tate sensitivity
;Si}enom. Addificaal specimens would have to be tested fo establish

this point.

The cyclic life and tlow growth mtes werme moderately offected by the

12@ psig gasecus hydrogen of RT for Hostelloy X ond 347 skoinless steel.

For Hastelloy X, o single specimen fested ot 1 cps showed significontly

- higher flow growth rates then specimens fested of 5 cps in hydrogen.  The

347 stoinless steel did not show this dependence of flow growth rote with

tast frequency,

The cyclic life and flaw growth rotes were significenily offected by the
1220 psig gosesus hydragen af RT for 9310 c..rbunzed steel. The flow
growih rate also incressed when the test freguency was decrecsed.  This

bydr sqen s effect was chserved ot o skess intemsity level o5 low os 11 ksi+fin.

The cyciic life ond fow growth wles were epparently 51 gkﬁy affected by
100 psig goseous hydeogen at RT for 541-2.5 5pn {(ELY} fikenium aos compared
with gowous helium when tested ot 5 cps.  The single specimen fested in
gc#ews helium demonstrated growth rotes thet fell within the goseous
E«fdrecaz scober bond but was on the siow side which might indicate @
siight hydrogen e’ffec* at 5 cps. Addifional specimens would hove to:be
tested fo estoblish this point. The cyclic flow growth rotes obiained were
very consistent behween the 3 die forgings fested.

The cyclic life ond flow growth rotes were mf?ec%e*- by 120 psig

gosexs hydrogen of -160%F for 5A1-Z.5 Sn (ELR titonium os compared
with goseous helium ot 5 c,ﬁs. The doio scotter rz.:z;.as for both environ—
ments were essentielly the some and comsisiznt betwedn the 2 d;e ,sa:f.mgs

tested.
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{18 The cyclic life ond Flaw growth rotes o? -423%F in liguid hydrogen for
9310 carburized steel ond 5Al-Z2.5 Sn {EL]) titonium were determined,
Flaw growth retes for titonium specimens fobriceted from die forgings

were foster than for o specimen mede from @ pqncg& forging.
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Tadle 1: Ansiysis of High Punity Gaseous Hydrogen

p ~ Cisseceer § ’ . : co - .
=a RESULTS OF GASARALYSS >
e TABLEtA . L - — : . e
LSS ] SAMPLE RO, 1 S=3P1€ 50, 2 [SAMPLE NO. 3 [SAMPLE NOL4 [ SAMPLE 80,5
Fouut Bumey s Sosoesx 1 Doesssx | >ossoms >osmesy | easess

Ve ¥
Vi Bedre Soom <EDSom <3Tigom <&Stgom <2Zopm ) <4&51 pom
Carmres ”

g 3 w = ipom - GS2ppen S pom CR2pom Q.15 pova G pom

g Hefarm i Be= <iOppa <igoem T} <WBpom <M ppm <Wopm
Hoecsdy Topm <001 pom < 00T poew <a8ipem <007 ppe <04t pom
oot § Sopem <18§"*Wf’ , <14Zpom | <i53Zppm § <I251pom ‘<;1-2»_?pr5!

[T 8y wiema
T B> Otesined trom tmen. Cavtide — Linds Div.

~




Table 2 5AFZ.5 Sa (EL1) Titanium Specimen/Forging Lorrelation

FORGING
IDEHTIFICATION '
_ FRACTURE SPECIREN
PART Aacg;aus SERIAL IDENTIFICATION
NUMBER | o | NUMBER
' 1138355-104D/2015/88 /N 830471
: og 1138385 104D/2815/08 95 820472
’;35575 »o1 1138365 104D/2915/08  S/N 880473
;{&fﬁﬁ 15 _ 1128365 164D/2915/12_ 531 880474
T 12 1138355 104D/2915/12  SINERETS
1138355-1080/2975/12 SN 880476
) 1138365-104D/2916/05  S/N 880477
g5 1138355-104D/2015/05 'S/M 880478
1138578 i 1138365-104D/2916/05  S/9 BB047%
i Hji,:} 218 1138355 104D/2916/06 _ S/ BE3450
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Tedle 5: Cyclk rests of ARBICO 224335 2t Hoam Temperature in Gaseous Hydmgen
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Table 7: Lyclic Tests of Phosphor Bronze at Hoos: Temperatuse ia Gaseous Helium
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